When non-psychiatric individuals compare the weights of two similar objects of identical mass, but of different sizes, the smaller object is often perceived as substantially heavier. This sizeweight illusion (SWI) is thought to be generated by a violation of the common expectation that the large object will be heavier, possibly via a mismatch between an efference copy of the movement and the actual sensory feedback received. As previous research suggests that patients with schizophrenia have deficits in forward model/efference copy mechanisms, we hypothesized that schizophrenic patients would show a reduced SWI. The current study compared the strength of the SWI in schizophrenic patients to matched non-psychiatric participants; weight discrimination for same-sized objects was also assessed. We found a reduced SWI for schizophrenic patients, which resulted in better (more veridical) weight discrimination performance on illusion trials compared to non-psychiatric individuals. This difference in the strength of the SWI persisted when groups were matched for weight discrimination performance. The current findings are consistent with a dysfunctional forward model mechanism in this population. Future studies to elucidate the locus of this impairment using variations on the current study are also proposed.
Introduction
When people compare the weights of two similar objects of identical mass, one large and one small, the smaller object is often perceived as substantially heavier. This striking perceptual effect, the size-weight illusion (SWI) (Charpentier, 1891) , is thought to be generated by a violation of expectation, such that when participants initially view the objects, the brain "expects," that the larger object will be heavier. When both are subsequently lifted, the larger object feels surprisingly light, and the smaller object feels surprisingly heavy, so the small object is perceived as the heavier of the two (Ross, 1966; Ross and Gregory, 1970) . Previous research has indicated that sensorimotor (Ross, 1966; Ross and Gregory, 1970) , perceptual (Flanagan and Beltzner, 2000; Grandy and Westwood, 2006) , and cognitive (Ellis and Lederman, 1998) components all contribute to the illusion.
The current study investigated the SWI in patients with schizophrenia, a population with known deficits in a prediction mechanism believed to be essential for the generation of this illusion. The sensorimotor mismatch explanation for the SWI has been framed within the context of the forward model of motor control (Wolpert and Miall, 1996; Jordan and Rumelhart, 1992) , which proposes that when a motor command is sent to the primary motor cortex, an efference copy of that command is also generated, and used to predict the sensory feedback that would be expected if the movement is executed successfully. A comparator then makes comparisons between this predicted sensory feedback and actual sensory feedback, which are used for online movement adjustments, cancelling sensory reafference, and improving movement prediction and planning (Wolpert, 1997; Wolpert and Kawato, 1998) . Within this framework, the SWI is thought to be caused by a mismatch between predicted sensory feedback and conflicting sensory feedback received when the objects are actually lifted.
This forward model mechanism also allows for the discrimination of internally and externally generated motor movements, as self-initiated speech and actions will be preceded by an efference copy, and externally generated stimulation will not. Previous researchers (e.g. Feinberg, 1978; Ford and Mathalon, 2005; Frith, 1987) have proposed that a deficient forward model mechanism in schizophrenic patients, at the level of the efference copy or the comparator, may explain some of the positive symptoms of the disorder. For example, auditory hallucinations may be inner speech misidentified as an external "voice," and delusions of control may be self-initiated movements incorrectly labeled as externally controlled. Experimental evidence for such forward model deficits in schizophrenic patients have been found in the auditory (Ford and Mathalon, 2005; Ford et al., 2001a; Ford et al., 2001b; Ford et al., 2007) , motor (Shergill et al., 2005) , and tactile (Blakemore et al., 2000) domains. Based on these previous findings, we hypothesized that a deficient forward model mechanism would result in a reduced or absent SWI in schizophrenic patients, relative to non-psychiatric comparison participants.
Methods

Participants
Participants were twenty schizophrenic patients and twenty non-psychiatric participants, recruited via the UCSD Schizophrenia Research Program. All patients had confirmed diagnoses based on the Structured Clinical Interview for DSM-IV, with no other Axis 1 diagnoses or history of neurologic insult. Current clinical symptoms were assessed using the Scale for the Assessment of Negative Symptoms (SANS, Andreasen, 1984a) and the Scale for the Assessment of Positive Symptoms (SAPS, Andreasen, 1984b) . Nonpsychiatric participants were recruited through newspaper advertisements and flyers posted at the UCSD medical center, and were screened to rule out past or present Axis I or II diagnoses and drug abuse. Participants were assessed on their capacity to provide informed consent, and given a detailed description of their participation in the study. Written consent was obtained via a consent form approved by the University of California, San Diego institutional review board (Protocol # 070052).
All schizophrenic patients were clinically stable, and Tables 1 and 2 
Size-weight illusion (SWI)
To assess the SWI, participants compared pairs of grey painted wooden disks and reported which was heavier. Disks were 1.5 in. tall and were either large (5 in. diameter) or small (2 in. diameter). The surface area of the small disk was 25% the surface area of the large disk (15.71 in.
2 for the small disk, 62.83 in. 2 for the large), resulting in a size disparity between objects of 75%. The objects' mass was evenly distributed about their centers, and disks appeared to be of uniform material. Participants were told, "during this experiment, you will be asked to compare the weights of these grey disks. Some are large (experimenter holds up large disk) and some are small (experimenter holds up small disk). On some trials you will compare two disks of the same size; that is, two large disks or two small disks; and on some trials you will have one of each size." During testing, two disks were simultaneously placed onto participants' outstretched hands, and they had up to 10 s to respond. Participants were instructed to view the disks while making the discrimination judgment. If participants' looked away from the disks, or appeared to shift their attention away from the task, they were redirected by the experimenter before a response was recorded. SWI trials compared a 90 gram small disk to large disks of increasing weights (100-210 g in 10 g increments). Weight discrimination trials compared same-sized disks in five series, with a standard weight compared against three heavier and three lighter disks, in increments of 10 g. There were three weight discrimination series with large disks (standards 120, 150, 180 g) and two with small disks (standards 120, 150 g). Each SWI comparison was tested four times, and each weight discrimination trial was tested twice, counterbalanced for hand, for a total of 118 trials in one of five random orders. As "same weight" judgments were not allowed, 90 g small vs.
90 g large comparisons were excluded from final analyses.
Statistical analyses
For all series of comparisons (five weight discrimination and one SWI), data were averaged across group (Schizophrenic vs. Control) and fit with a cumulative normal curve using Matlab (The Mathworks, Natick, MA, Fig. 1 ). For each group, we calculated sigma, a measure of weight discrimination sensitivity, and the point of subjective equality (PSE), or the point at which subjects are equally likely to report that one weight is heavier than the other, and therefore cannot discriminate between the two stimuli (Gescheider, 1997) . Sensitivity was calculated as the standard deviation (σ, higher values = less sensitive) and the PSE as the mean (μ) of the underlying normal distribution that generated the cumulative normal fit to the data ( Table 3) . As there are relatively few trials per participant for individual comparisons, data fits for individual participants are unstable, making traditional parametric statistics such as an ANOVA non-optimal for these data. Statistical significance was therefore assessed using a bootstrap method (Davison and Hinkley, 2006; Efron and Tibshirani, 1993) in Matlab to assess whether the observed differences between groups are more extreme than differences expected by chance alone. Random groups of twenty participants were selected from the entire sample and compared to the remaining twenty participants. Data were averaged across the randomly selected groups, and fit as described above. Values for each group were subtracted from one another to create a between-groups difference score for each metric. This was repeated 10 000 times for each series, and difference scores were used to create a sampling distribution of mean differences for random assignment to groups. Observed mean differences in each condition were compared to these sampling distributions, and conditions for which the observed difference (Schizophrenic-Control) fell within the upper or lower 2.5% of the sampling distributions, as in a two-tailed hypothesis test at α = 0.05, were considered significant.
Results
In all but one condition, schizophrenic patients had significantly higher sigma values than non-psychiatric individuals (Table 3 and Fig. 1) , indicative of less sensitive weight discrimination as expected based on previous studies (Ritzler, 1977; Leventhal et al., 1982; Javitt et al., 1999) . The PSE did not differ between groups for any weight discrimination series (Table 3 ; graphs for other conditions in Supplementary data, Fig. 1 ). For the SWI trials, however, the PSE for the schizophrenic patients, 160.80 g, was significantly lighter than the PSE for non-psychiatric individuals, 174.17 g. The PSE, where the compared weights are perceived as equal, is the point at which the illusion is nulled (Fig. 1B) . As such, the PSE is a measure of the strength of the SWI, with heavier values indicating a stronger illusion. This pattern of results supports our hypothesis of a reduced SWI in the schizophrenic patient group. Excluding residual schizophrenic patients, the unmedicated patient, and non-right handed participants, respectively, did not change this pattern of results, and results are reported for the full sample.
The fact that schizophrenic patients showed less sensitive weight discrimination performance across five of the six discrimination series, whereas the PSE difference appears only in the size-weight condition, implies that the PSE differences in the SWI cannot be explained by these sensitivity differences alone. However, to further control for the influence of discrimination sensitivity, the same analyses were also run on data from ten participants in each group matched on weight discrimination performance. In this Fig. 1 . Cumulative normal fits for A) a representative example of weight discrimination series with a large disk standard weight of 150 g and B) size-weight illusion (SWI) trials, which compared a 90 gram small disk to large disks of increasing weights, 100-210 g in 10 g increments. Points are average percent heavier values for the respective groups; closed circles and solid lines represent non-psychiatric comparison participants, whereas open circles and dotted lines represent schizophrenic patients. Within panels, values marked with a star or a plus sign significantly differ from one another at p < 0.05. Although the sigma values, a measure of weight discrimination sensitivity, differ between groups in both conditions, the point of subjective equality (PSE) -where the weights are perceived as equal and the SWI is nulled -differs only in the SWI condition. For schizophrenic patients, the PSE is shifted to the left, with a significantly lighter value compared to non-psychiatric participants, indicative of a reduced SWI. subset analysis, neither the PSE nor sigma differed between the groups for any of the weight discrimination series. With this performance matching, the PSE for the schizophrenic patients in the SWI condition, 154.54 g, was still significantly lighter than that of non-psychiatric individuals, 166.69 g, while sigma values did not differ significantly (Fig. 2) . This provides further evidence that the reduced SWI in the patient group cannot be explained by differences in weight discrimination ability.
Ideally, the strength of a single participants' SWI would be determined by the PSE of cumulative normal fits of individual size-weight datasets. However, the large range of weight discriminations tested in the current study restricted the number of judgments per comparison that could be reasonably collected in a single experimental session, a limitation that could be addressed in a future, dedicated study. Therefore, as an alternative way to investigate the relationship between incidence of the SWI and the symptoms of schizophrenia, a linear correlation was run between the number of trials (out of a possible 52) that patients' experienced the SWI, and positive (global SAPS) and negative (global SANS) symptom ratings. No significant correlations were found between SWI performance and either type of symptoms. The absence of a correlation between the SWI and positive symptoms is somewhat surprising, given previous proposals that abnormal forward model processes may drive some of these symptoms. However, it is possible the count metric employed to quantify the SWI for individual participants is not sensitive enough to detect this relationship or that positive symptom scores reflect additional processes, in addition to underlying forward model deficits, that are also impaired.
Discussion
In the size-weight illusion (SWI) condition, the point of subjective equality (PSE), where the illusion is nulled and the weights are perceived as equal, differed between groups. This PSE value quantifies the strength of the SWI, as it represents the perceived weight of the small comparison disk. Therefore, a lighter PSE (160.80 g) in the patient group compared to the non-psychiatric group (174.17 g) demonstrates that schizophrenic patients experience a weaker SWI, confirming our prediction based on impaired forward model processes. In contrast, the PSE did not differ between groups in any weight comparison series, supporting a specific deficit in the illusion condition, above and beyond expected differences in weight discrimination sensitivity.
Schizophrenic patients also showed consistently more veridical weight discrimination performance across almost the entire range of size-weight stimuli (Fig. 1B) . For over 30 years, since Sutton and colleagues (Zubin et al., 1975) posed the challenge, neuroscientists have searched for tasks on which schizophrenic patients "outperform" non-psychiatric individuals based on their underlying cognitive and neural dysfunction. Finding tasks such as these minimizes the need to consider attentional impairments (Braff, 1993; Nuechterlein and Dawson, 1984) and/or decreased motivation to perform (e.g., avolition) in the patient group as possible With this performance matching, the point of subjective equality (PSE) for the schizophrenic patients in the SWI condition is still significantly lighter than that of non-psychiatric individuals, providing further evidence that this finding cannot be explained by differences in weight discrimination ability.
explanations for between-group differences, which is a concern for many studies conducted with schizophrenic patients. These results offer promise that the SWI may be one of the rare paradigms fitting the criterion of "better performance based on a deficit" (also see Shergill et al., 2005; de Gelder et al., 2003 for similar patterns of data). This finding is consistent with previous accounts of abnormal forward model mechanisms in schizophrenic patients, which have been proposed to underlie some of the positive symptoms of schizophrenia (Feinberg, 1978; Ford and Mathalon, 2005; Frith, 1987) . Although this reduction in the SWI is consistent with a specific problem with the efference copy mechanism, as has been proposed in other studies of patients with schizophrenia (Ford et al., 2007) , a reduced illusion could arise from dysfunction at any part of the forward model prediction process, including the motor prediction, the comparator mechanism, or the incoming sensory feedback after lifting the objects. These data reveal a forward model deficit in a new domain -weight perception.
Areas of the brain implicated in the SWI and forward motor models in general include the parietal lobe (Jenmalm et al., 2006; Chouinard et al., 2009; Sirigu et al., 2004 ) and the cerebellum (Miall et al., 1993) , which are also known to be abnormal in patients with schizophrenia (Danckert et al., 2004; Ross and Pearlson, 1996; Torrey, 2007; Andreasen and Pierson, 2008) . A reduced SWI in schizophrenic patients also fits with emerging research indicating a specific deficit in multisensory integration in this population (de Gelder et al., 2003 (de Gelder et al., , 2005 de Jong et al., 2009; Ross et al., 2007) , as the SWI is strongest when both visual and tactile cues are presented (Ellis and Lederman, 1993; Kawai et al., 2007) .
One potential limitation to the current study design is that participants were not explicitly tested on their ability to discriminate the visual size of the large and small objects. A previous study (Holcomb et al., 2004) has shown that patients with schizophrenia are less sensitive to visual size differences between objects compared to non-psychiatric individuals, which could affect the strength of the SWI. We believe this to be a relatively minor factor in the current study as the size disparity between objects (75%) is much greater than the range tested in this previous study (1%-25%); however, this could also contribute to a reduced illusion. Finally, despite all efforts to equilibrate attention to the task, task motivation, and attention to the size of the stimuli across diagnostic groups, we cannot conclusively state that these factors did not vary between groups. To address this potential confound, participants were tested by a researcher experienced in administering this psychophysical task (L.E.W.) who redirected participants' attention on a trial by trial basis, as needed. Also, task instructions specifically referenced disk size and labeled disks as large and small. Although schizophrenic patients demonstrated less sensitive weight discrimination than the non-psychiatric group, their performance is above chance levels, and modulated by task difficulty in a similar manner to the non-psychiatric group (decreasing performance as disks become closer in weight). However, the fact that we cannot definitively conclude patients and controls were paying equal attention to the task limits how strongly this finding of "better performance based on a deficit" can be interpreted.
Building on this novel initial finding, future studies are needed to address the limitations presented above, replicate this finding in chronic medicated schizophrenic patients, and to further explore the clinical correlates of these deficits by testing with early illness, acute patient groups, and with other patients with psychotic features such as patients with bipolar disorder. Additional studies using variations of the current paradigm may provide insight into whether these forward model deficits occur at the level of the motor prediction, the efference copy, the comparator mechanism or the incoming sensory feedback, which is yet to be understood. The fact that patients experience the SWI, albeit to an attenuated degree, indicates that an efference copy is being generated, and compared with actual sensory feedback. To further explore the nature of the deficit, previous research has shown that that typical individuals incorrectly estimate the forces needed to lift size-weight objects on initial trials, but rapidly adjust their grip and lift forces for the actual mass of the object (Flanagan and Beltzner, 2000; Grandy and Westwood, 2006) . If one were to test this with schizophrenic patients, if their initial lift forces are similar to non-psychiatric individuals, this would imply that prediction mechanisms are intact, and that the dysfunction lies either in the efference copy, sensory feedback, or comparator processes. An even more dramatic test of updating and adaptation in the patient group would be to train patients with stimuli that have an inverted volumeweight relationship, which have been shown to reduce and even reverse the SWI in non-psychiatric participants (Flanagan et al., 2008) . A reduced training effect in the patient group would support the hypothesis that schizophrenic patients either do not register sensory mismatches or violations of expectations as strongly as do non-psychiatric individuals or that these prediction errors are not used to revise and update internal models. Evidence for this type of deficit would have important functional implications, as revisions to internal prediction models are necessary to successfully adapt to a changing environment.
In conclusion, the current study presents a rare finding for schizophrenia research, in which the patients' deficits result in more accurate than normal performance on a sensory illusion task. This reduced SWI in the schizophrenic group persists even when groups are matched on weight discrimination performance, indicating these results cannot be explained by poor discrimination sensitivity in the patient group. Future studies using related paradigms and additional levels of investigation (e.g., functional brain imaging) may provide further insight into the specific nature of the forward model deficits in schizophrenic patients, as well as potential consequences in terms of perceptual learning and adaptation, relationship with clinical profiles, and a better understanding of how higher-order cognitive problems in schizophrenia may arise from lower-level perceptual deficits.
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